Pain is a significant clinical problem, and there is a need for effective pharmacotherapies with fewer adverse effects than currently available drugs (e.g., mu opioid receptor agonists). Cannabinoid receptor agonists enhance the antinociceptive effects of mu opioid receptor agonists, but it remains unclear which drugs and in what proportion will yield the most effective and safest treatments. The antinociceptive effects of the mu opioid receptor agonists etorphine and morphine alone and in combination with the cannabinoid receptor agonists Δ 9 -THC and CP55940 were studied in male Sprague-Dawley rats (n = 16) using a warm water tail withdrawal procedure. The ratio of opioid to cannabinoid (3:1, 1:1, and 1:3) varied for each mixture. Drugs administered alone or as pairwise mixtures of an opioid and a cannabinoid dose-dependently increased tail withdrawal latency. Mixtures with morphine produced supra-additive (CP55940) and additive (Δ 9 -THC) effects, whereas mixtures with etorphine and either cannabinoid were sub-additive. The interactions were not different among ratios for a particular mixture. The nature of the interaction between opioids and cannabinoids with regard to antinociceptive effects varies with the particular drugs in the mixture, which can have implications for designing combination therapies for pain.
Introduction
Pain is a significant clinical problem (Institute of Medicine, 2011) and mu opioid receptor agonists remain the most common treatment for moderate to severe pain despite significant adverse effects and a growing abuse problem (Kolodny et al., 2015; Rudd et al., 2016) . One strategy for limiting the adverse effects of opioids is to co-administer a non-opioid drug, thereby reducing the dose of opioid required to treat pain. Recent guidelines for opioid prescribing recommend administering the smallest doses necessary for achieving the desired therapeutic effect (e.g., Dowell et al., 2016) .
Studies indicate that combining opioids and cannabinoids might be an effective and safe strategy for treating pain. Cannabinoid receptor agonists such as Δ 9 -THC enhance the antinociceptive potency of opioids in nonhuman subjects (Welch and Stevens, 1992; Li et al., 2008) as well as humans (Roberts et al., 2006) and could be effective adjunct treatments for pain (Nielsen et al., 2017) . Moreover, cannabinoids attenuate discriminative stimulus and positive reinforcing effects of opioids (Li et al., 2008 (Li et al., , 2012 Maguire et al., 2013; France, 2016a, 2016b) , suggesting that cannabinoids do not increase, and might decrease, abuse (e.g., Bachhuber et al., 2014) .
Enhancement of the antinociceptive potency of opioids by cannabinoids varies depending on the opioid in the mixture. In mice, Δ 9 -THC increased the potency of opioids in a tail flick assay, with the magnitude of increase varying from 2 (morphine) to 26 (codeine) fold (Cichewicz et al., 1999) . In rhesus monkeys, the dose of CP55940 increasing the potency of fentanyl more than 50 fold increased the potency of morphine 8 fold. CP55940 increased the potency of all opioids more than did Δ
9
-THC (Maguire and France, 2014) . The proportion of drugs in mixtures also can impact interactions (Wessinger, 1986; Woolverton, 1987; Tallarida, 2000) . In several studies pretreatments of a cannabinoid were administered prior to varying doses of an opioid (Welch and Stevens, 1992; Smith et al., 1998 Smith et al., , 2007 Cichewicz et al., 1999; Yesilyurt et al., 2003; Pugh et al., 1996; Li et al., 2008; Williams et al., 2006; Miller et al., 2012; Maguire et al., 2013; Maguire and France, 2014) such that the opioid/cannabinoid ratio varied with each dose, making comparisons within and across studies difficult. Studies examining multiple doses in mixtures have generally used only one ratio of opioid to cannabinoid (Cichewicz et al., 2005; Tham et al., 2005; Cox et al., 2007; Wakley and Craft, 2011; Kazantzis et al., 2016; Auh et al., 2016) , although one study examined two ratios (Cichewicz and McCarthy, 2003) .
The current study examined antinociceptive effects of opioid/cannabinoid mixtures in rats using a warm water tail withdrawal procedure. Mixtures with morphine or etorphine and Δ
-THC or CP55940 were tested at ratios of 1:3, 1:1, and 3:1, with interactions assessed quantitatively (Tallarida, 2000 (Tallarida, , 2006 Grabovsky and Tallarida, 2004) . A previous study using monkeys (Maguire and France, 2014) showed that mixtures of a high efficacy opioid (e.g., etorphine) and a high efficacy cannabinoid (e.g., CP55940) maximally increased antinociceptive potency. This study tested the hypothesis that mixtures of high efficacy drugs (etorphine and CP55940) would increase potency more than mixtures with low efficacy drugs (morphine and Δ 9 -THC).
Materials and methods

Animals
Sixteen adult male Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN), approximately 4 months old at the beginning of the experiment, were housed individually in 45 × 24 × 20 cm plastic cages containing bedding (Sani-chips, Harlan Teklad, Madison, WI) in a colony room maintained on a 14:10 light/dark cycle with lights on at 0600 h. Test sessions occurred no more than once weekly and began at approximately 1000 h. Rats remained in their home cages except when tail withdrawal latencies were being measured. Tap water and standard rat chow (Rat Sterilizable Diet, Harlan Teklad) were available continuously in the home cage. Animals used in these studies were maintained in accordance with the Institutional Animal Care and Use Committee, The University of Texas Health Science Center at San Antonio, and the 2011 Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animals Resources on Life Sciences, National Research Council, National Academy of Sciences).
Procedure
The testing procedure was similar to that described previously (Maguire and France, 2016c) . Water baths (EW-14576-00, Cole-Parmer, Vernon Hills, IL, USA) maintained water at 40, 50, or 55°C. During tests approximately 5 cm of the tail was immersed in one of the water baths, and the time until the tail was removed was recorded with a hand-held stopwatch. If the tail was not withdrawn within 15 s, a latency of 15 s was recorded (maximum effect). Each temperature was tested once per cycle, and the order in which temperatures were tested varied randomly across cycles. Control tail withdrawal latencies were measured first. Immediately following the control measurements, the drug vehicle was administered intraperitoneally, and the rat was returned to the home cage; 30 min later tail withdrawal latencies were measured again to establish the effect of vehicle. The rat received an injection of vehicle or drug and was returned to its home cage, followed 30 min later by another measurement of tail withdrawal latency. Sessions ended when tail withdrawal latency reached 15 s with 50°C water, after 7 cycles (the control test plus up to 6 injections), or after administration of the maximum allowable dose, whichever occurred first.
Experimental design
Dose-effect curves for all drugs alone were determined within session by administering increasing cumulative doses of morphine (1.78-17.8 mg/kg), etorphine (0.0032-0.01 mg/kg), CP55940 (0.1-1.0 mg/kg), or Δ 9 -THC (3.2-32.0 mg/kg) in quarter-log unit increments across cycles, intraperitoneal. Rats were divided in to two groups with 8 rats per group. Both groups were tested with morphine and etorphine alone and in combination with one cannabinoid. One group was tested with CP55940, the other with Δ 9 -THC. Dose-effect curves for each drug alone were doubly determined prior to tests with mixtures, which were determined once per ratio of opioid to cannabinoid. Effects of CP55940 and Δ 9 -THC alone were doubly determined prior to being tested in combination with each opioid, resulting in a total of four determinations during the course of the study. Tests with mixtures were conducted in the same manner as the drugs alone with increasing cumulative doses of an opioid and a cannabinoid administered in a single injection. The doses of each drug included in the mixture (Table 1) were determined based on the relative potency of the opioid and of the cannabinoid, each administered alone, to increase tail withdrawal latency with 50°C water, estimated by linear regression using group dose-effect curves. The ratio of opioid to cannabinoid in the mixture (3:1, 1:1, or 1:3) remained constant for a particular session and varied across sessions. All rats within a group were tested with the same doses. Although the doses were not tailored for each individual rat, the analysis takes into account individual differences in sensitivity (i.e., potency and maximal effect) to each of the constituent drugs when administered alone (see Section 2.4).
Data analyses
Tests with 40°C water were conducted as a control to confirm that rats would leave the tail in water for the maximum duration, and latencies with 40°C were rarely (< 1% of all tests) less than 15 s; therefore, no further analysis was conducted with these data. Latencies from tests with 50 and 55°C water were expressed as a percentage of maximum possible effect (MPE) according to the following formula: % MPE = [(test latency -control latency) / (20 s -control latency)] × 100. Control latencies were determined each session before the first injection. Effects with 55°C water did not consistently exceed 20% of the MPE; therefore, these data were not analyzed further. Individual-subject data from tests with 50°C water were fit to a hyperbolic dose-effect function in order to determine the ED 50 , maximum effect (E max ), and slope for each drug when administered alone and as part of a drug mixture; curves for drugs alone were fit to the average of the two baseline determinations. Increases in opioid potency (ED 50 ) were quantified by dividing the ED 50 for the opioid alone by the ED 50 for the opioid for each dose ratio, yielding a potency ratio. A potency ratio greater than 1 indicates a leftward shift in the opioid dose-effect curve and increased potency. Effects of dose ratio on the opioid ED 50 were statistically analyzed separately for each pair of drugs using a one-way, repeated-measures analysis of variance. Post-hoc analyses were conducted using Dunnett's test, wherein the opioid ED 50 values from each dose ratio were compared with the corresponding control (opioid alone); this test corrects for multiple comparisons (Dunnett, 1955) .
In order to characterize the nature of the interaction between drugs, the parameters from the dose-effect curve for the drugs alone were used to convert the cannabinoid dose in a drug mixture to its opioidequivalent dose (Equation 7, Tallarida, 2006) . For some individual rats, CP55940 and Δ 9 -THC produced a larger maximal effect than morphine; thus, there was no morphine equivalent dose. Therefore, cannabinoid doses in the mixture that alone would produce a greater maximal effect than that of morphine were considered equivalent to 32 mg/kg of morphine, one-quarter log unit higher than the largest dose of morphine tested alone. The opioid-equivalent dose of the cannabinoid and the opioid dose in the mixture were then summed, yielding the total additive dose, which was then used to calculate the predicted effect of that mixture for individual rats. Predicted and observed data were plotted as a function of total additive, opioid-equivalent dose. The ED 50 (log transformed), E max, and slope for predicted effects were subtracted from those of the observed effects for individual rats. Differences between predicted and observed parameters were analyzed statistically using a two-tailed, repeated measures t-test with an alpha value of 0.05. The null hypothesis was that the difference between the observed parameter and the predicted parameter was not different from zero. Dose-effect curves were fit using the solver function of Microsoft Excel 2016 (Redmond, WA, USA) and the method of least squares nonlinear regression (Motulsky and Christopoulos, 2003) . Analyses of variance were conducted using GraphPad Prism version 7.03 (La Jolla, CA, USA). -THC was stored in absolute ethanol and diluted as necessary. Injections were administered intraperitoneally in a volume of 1.0-2.0 ml/kg (Table 1) .
Drugs
CP55940 (2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl) cyclo- hexyl]-5-(2-methyloctan-2-yl)phenol [Sigma-Adlrich,
Results
The mean ( ± 1 standard error of the mean) control latencies with 40, 50, and 55°C water were 15 ( ± 0), 4.6 ( ± 0.15), and 1.8 ( ± 0.07) s, respectively, in the group (n = 8) tested with CP55940 and 15 ( ± 0), 4.8 ( ± 0.15), and 1.9 ( ± 0.07) s, respectively, in the group (n = 8) tested with Δ 9 -THC. Control latencies did not vary systematically across sessions, and repeated injection of saline or vehicle within a session did not impact tail withdrawal latencies (Supplemental Fig. 1 ). When administered alone, each drug dose-dependently increased tail withdrawal latencies with 50°C water (Fig. 1) . Etorphine was the most potent drug tested and produced 100% of the MPE. CP55940, morphine, and Δ 9 -THC were less potent than etorphine, producing 60-80% of the MPE at the largest doses that were studied. ED 50 values for each drug alone with 50°C water are shown in Table 2 . All drugs were more effective with 50°C compared with 55°C water, across the range of doses tested (Supplemental Fig. 2 ). Mixtures also dose-dependently increased tail withdrawal latencies (filled symbols, Fig. 2) . In most cases, effects of smaller doses of an opioid were enhanced when administered with a cannabinoid and, generally, doses of an opioid required to produce a particular level of effect decreased as the proportion of cannabinoid in the mixture increased, as indicated by progressively increasing potency ratios (Table 3) . Increased potency with the mixtures was also evident with 55°C water, although over the dose ranges studied there was no apparent increase in the maximum effect (Supplemental Fig. 3 ).
For the mixtures of etorphine and CP55940, there was a significant effect of dose ratio on the potency of etorphine [F 3,21 = 67.9, P < 0.001], and Dunnett's post-hoc test indicated that the potency of etorphine for all dose ratios was significantly different from the potency of etorphine alone. For mixtures of morphine and CP55940, there was a significant effect of dose ratio [F 3,21 = 11.0, P < 0.001]; the potency of morphine for all dose ratios was significantly different from morphine alone. For mixtures of etorphine and Δ
9
-THC, there was a significant effect of dose ratio [F 3,21 = 17.9, P < 0.001]; the potency of etorphine for all dose ratios was significantly different from etorphine alone. For mixtures of morphine and Δ 9 -THC; there was a significant effect of dose ratio [F 3,21 = 9.2, P < 0.001]; the potency of morphine for ratios of 1:1 and 1:3 but not 3:1 (morphine: Δ 9 -THC) were significantly different from morphine alone.
Comparison of observed effects with those predicted for an additive interaction (Fig. 3 , top row) indicates that two etorphine/CP55940 mixtures (ratios of 3:1 and 1:3) were sub-additive, as indicated by higher than predicted ED 50 values (Table 4) . Morphine/CP55940 mixtures (second row) were supra-additive, indicated either by greater than predicted maximal effects (3:1 and 1:3) or lower than predicted ED 50 values (1:1; second row, Fig. 3 ). Etorphine/Δ 9 -THC mixtures (third row) were sub-additive, indicated by lower than predicted maximal effects (3:1 and 1:3) and/or higher than predicted ED 50 values (3:1, 1:1, and 1:3; third row, Fig. 3 ). Finally, morphine/Δ 9 -THC mixtures (bottom row) did not differ from additive for any ratio. Slopes for the observed curves did not differ significantly from those of the predicted curves for any mixture (Table 4) .
Discussion
There is a need for pain treatments that are more effective and have fewer adverse effects than currently available treatments (i.e., mu opioid receptor agonists such as morphine and oxycodone). One strategy for possibly increasing the therapeutic window of opioids is to combine an opioid with another drug, such that smaller doses of the opioid (in combination with another drug) produce the desired -THC were determined four times. -THC with 50°C water. The ratio of opioid to cannabinoid in the mixture, 3:1 (upright triangles), 1:1 (circles), and 1:3 (inverted triangles), varied across tests. Data in the two leftmost panels were collected in one group of 8 rats whereas data in the two rightmost panels were collected in another group of 8 rats. Abscissae: dose of the opioid administered alone or as part of a mixture in milligrams per kilogram body weight. Ordinate: percentage of the maximum possible effect (MPE; mean ± 1 standard error of the mean). therapeutic effect, while reducing or eliminating adverse effects. In preclinical and clinical studies cannabinoid receptor agonists enhance the antinociceptive potency of mu opioid receptor agonists suggesting that opioid/cannabinoid mixtures might be particularly effective and safe for treating pain. Presumably, mixtures that yield the greatest increase in antinociceptive potency would have the lowest risk of adverse effects insofar as the doses of each constituent drug in the mixture are smaller than those that alone produce adverse effects. However, it is unclear which opioid/cannabinoid mixture yields the greatest enhancement of potency. The current study examined the impact of drug and dose ratio on the interaction between opioids (etorphine and morphine) and cannabinoids (CP55940 and Δ
9
-THC) using a warm water tail withdrawal procedure in rats. Administered alone, each drug dose-dependently increased the latency for rats to remove the tail from warm water, being more effective, and in some cases more potent, at increasing tail withdrawal latencies from 50°compared with 55°C water. The relative potencies of the two opioids tested (etorphine > morphine) is consistent with previous studies in rats (Paronis and Holtzman, 1992; Walker et al., 1998; Smith et al., 1999; Cook et al., 2000) . Etorphine had a steeper dose-effect curve, perhaps reflecting higher intrinsic efficacy than morphine at mu opioid receptors (Paronis and Holtzman, 1992; Walker et al., 1998) . The relative potency of the two cannabinoids tested (CP55940 > Δ 9 -THC) is also consistent with previous studies in rats (Lichtman and Martin, 1991 All opioid/cannabinoid mixtures dose-dependently increased tail withdrawal latencies; however, the potency and maximal effects of the mixtures varied across drugs and dose ratios. Mixtures including morphine and/or CP55940 produced greater maximal effects as well as the largest increases in antinociceptive potency. Mixtures containing morphine were consistent with a supra-additive (CP55940) or additive (Δ 9 -THC) interaction, whereas mixtures containing etorphine and either cannabinoid generally were sub-additive. These results extend previous reports suggesting that drug/drug interactions vary with the particular opioid in the mixture (e.g., Cichewicz et al., 1999) . Moreover, these results systematically replicate a recent study in mice showing that mixtures of morphine and the high-efficacy cannabinoid receptor agonist WIN55212 synergistically attenuate mechanical and cold allodynia induced by chronic constriction injury of the sciatic nerve (Kazantzis et al., 2016) . Together, these studies support the use of opioid/cannabinoid mixtures for treating acute and persistent pain. Some results from the current study are different from those reported in a study with rhesus monkeys (Maguire and France, 2014) ; in the current study enhancement of antinociceptive potency by cannabinoids was greater with morphine compared with the higher efficacy opioid etorphine, whereas in monkeys enhancement was greater with etorphine. This difference between studies might reflect a difference between species with regard to the nature of opioid/cannabinoid interactions. However, there are procedural differences between these studies that might also be important. For example, in the current study an opioid and a cannabinoid were administered in a single injection with increasing cumulative doses. In contrast, many studies, including those with rhesus monkeys (Li et al., 2008; Maguire et al., 2013; Maguire and France, 2014) , administered a single dose of one drug (e.g., as a pretreatment) separately from administration of a second drug, either in single or cumulative doses. Nevertheless, studies in both species indicate that the particular opioid in the mixture plays an important role in the magnitude of enhancement (see also Cichewicz et al., 2005) .
Mixtures with CP55940 (combined with morphine or etorphine) appeared to produce greater enhancement in the antinociceptive potency of the opioid than those with Δ 9 -THC. Although CP55940 and Δ 9 -THC were studied in different groups of rats, the two groups did not differ in sensitivity to the thermal stimuli (i.e., baseline tail withdrawal latencies were not markedly different; Supplemental Fig. 1) or to drugs that were tested in both groups (etorphine and morphine; Fig. 1 ; Table 2 ). Thus, differences in interactions between opioids and CP55940 or Δ 9 -THC were most likely due to the particular cannabinoid studied. That CP55940 enhanced potency more than Δ
-THC is consistent with a study in rhesus monkeys in which the antinociceptive potency of opioids was increased more by CP55940 than by Δ 9 -THC (Maguire and France, 2014) . Collectively, results from these studies suggest that cannabinoids with high efficacy at cannabinoid receptors (Breivogel et al., 1998) might be most effective at enhancing the potency of opioids (i.e., opioid-sparing effect). Currently, no high efficacy cannabinoid receptor agonists are approved for use in humans and a majority of clinical studies on opioid/cannabinoid mixtures for treating pain use Δ 9 -THC or one of its analogues, all of which have modest efficacy at cannabinoid receptors. To the extent that mixtures also reduce the dose of the cannabinoid necessary for treating pain, these data support the use of higher efficacy cannabinoids insofar as mixtures would limit adverse effects of both drugs (opioids and cannabinoids). Other things being equal, repeated treatment with a higher efficacy drug typically produces less tolerance as compared to treatment with an equi-effective dose of lower efficacy drugs (e.g., Paronis and Holtzman, 1992) , due in part to the lower receptor occupancy that is required for higher efficacy drugs to produce a particular effect. This possibility might also extend to cannabinoids (e.g., Hruba et al., 2012) . Thus, repeated treatment with mixtures containing a higher efficacy cannabinoid such as CP55940 might produce less tolerance compared to treatment with an equi-effective mixture containing a lower efficacy cannabinoid such as Δ 9 -THC. Reduced tolerance would be particularly appealing for treating chronic pain, which often requires repeated drug treatment for extended periods.
Only male rats were tested in the current study, although sex differences that have been reported for the antinociceptive effects of opioids and cannabinoids could translate into differences in the nature the interaction between these drugs. Opioids are generally more potent and/or effective in male rats compared with females (see Craft, 2003 a Indicates a significant difference between predicted and observed effects (i.e., not an additive interaction) according to a two-tailed, repeated measures t-test with alpha equal to 0.05.
for a review); however, the magnitude of the difference can depend on many factors including intrinsic efficacy (e.g., Cook et al., 2000) . In contrast, cannabinoids are generally more potent and/or effective in female rats (e.g., Tseng and Craft, 2001; Romero et al., 2002; Craft et al., 2012) . Some studies have reported that cannabinoids impact the behavioral effects of opioids in a sex-dependent manner predominantly late in development (e.g., Ambrosio et al., 1999; Biscaia et al., 2008; Vela et al., 1995) ; due to a paucity of data, it is unclear whether the nature of the interaction between opioids and cannabinoids for antinociceptive effects are sex-dependent. The approach used in the current study takes into account sensitivity to the drugs administered alone; thus, the same analysis could be extended to examine differences in opioid/cannabinoid interactions based on many biological variables, including sex. In summary, pain is a significant clinical problem, and there is a need for effective pharmacotherapies with fewer adverse effects than currently available drugs (e.g., mu opioid receptor agonists). Cannabinoid receptor agonists enhance the antinociceptive effects of mu opioid receptor agonists, but it is unclear which drugs and in what proportion will yield the safest and most effective treatment. This study examined the antinociceptive effects of the mu opioid receptor agonists etorphine and morphine alone and in combination with the cannabinoid receptor agonists Δ 9 -THC and CP55940 using a warm water tail withdrawal procedure in rats. Mixtures with morphine were supra-additive (CP55940) or additive (Δ 9 -THC), whereas mixtures with etorphine were additive or sub-additive; interactions did not vary systematically among different ratios of opioid to cannabinoid in the mixture. These data indicate that the nature of the interaction between opioids and cannabinoids with regard to antinociceptive effects varies with the drugs in the mixture, which can have implications for designing combination therapies for pain.
